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SUMMARY 


An  analysis  for  tilting  free  propulsor  Vertical/Short  Take-Off 
and  Landing  (V/STOL)  aircraft  in  equilibrium  transition  is  presented. 
Families  of  curves  are  generated  in  terms  of  nondimens ional  flight 
parameters  so  that  the  effects  of  aerodynamic  interactions  and  vary¬ 
ing  geometric  configurations  may  be  studied.  For  known  values  of  the 
ideal  hover  quantities,  the  transition  characteristics,  including 
thrust  and  power  requirements,  may  be  determined  for  specific  aircraft 
designs.  Suggestions  are  presented  as  to  those  characteristics  which 
should  be  incorporated  into  the  design  of  a  tilting  free  propulsor 
V/STOL  aircraft.  A  comparison  is  then  made  between  a  tilt-wing  and 
tilt-rotor  aircraft,  each  employing  the  favorable  characteristics 
prescribed  by  the  tradeoff  study. 

INTRODUCTION 

Present  V/STOL  technology  has  led  to  a  large  number  of  design 
proposals,  ranging  in  concept  from  high  disc  loading  aircraft,  such 
as  fan-in-wing  or  lift  jet,  to  the  lower  disc  loading  configurations, 
including  tilt  wing  (wing  and  rotors  tilt  simultaneously)  and  tilt 
rotor  (rotor  alone  tilts)  designs.  Reference  1  indicated  that  the 
tilt  wing  and/or  tilt  rotor  concepts  are  more  desirable  than  the  very 
high  disc  loading  designs  with  regard  to  low  downwash  and  installed 
power  requirements  as  well  as  higher  maneuverability  and  hover  ef¬ 
ficiencies.  A  means  is  provided  by  the  design  study  of  Reference  2 
to  analyze  tilt-wing  and  tilt-rotor  concepts  during  equilibrium 
transition  in  which  all  inertia  forces  are  considered  zero.  By  using 
that  methodology,  it  is  the  purpose  of  chis  report  to  provide  compara¬ 
tive  curves  of  transition  characteristics  and  power  requirements  for 
various  disc  loadings  (10  psf  to  100  psf),  wing  loadings  (10  psf  to 
100  psf),  aspect  ratios  (4  to  12)  and  other  descriptive  parameters. 

These  nondimens ional  curves  are  referenced  to  the  ideal  hover  mode 
characteristics  (i.e.,  values  calculated  for  a  gross  weight  supported 
by  rotors  of  a  given  disc  area,  with  no  regard  for  download  on  the 
wing  or  fuselage).  This  allows  the  determination  of  relative  quantities 
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throughout  the  entire  transition  um.t*  the  easily  calculated  ideal 
hover  values  i rt  known  The  equilibrium  ease  ~>t  transition  was 
chosen  because  if  was  expected  to  show  closer  agreement  with  wind- 
tunnel  tests  (usually  conducted  m  a  constrained  node  involving  no 
accelerations)  and  because  it  was  noted  that  under  the  assumption  ol 
an  infinite  transitioning  t iw ,  the  dynamic  case  degenerated  to  the 
equilibrium  mode,  Reference  2,  A  relative  comparison  hetwren  dynamic 
and  equilibrium  transitions  is  provided  In  Reference  i: 

(1)  For  a  given  airspeed  in  an  accelerating  transition  trc«m 
hover  ro  cruise*,  greater  power  at  a  lower  wing  tilt  angle 
would  be  required  relative  to  a  similar  equilibrium  airspeed. 

(2)  In  deceleration  to  hover,  less  power  at  a  higher  tilt  angle 
would  be  necessary  relative  to  equilibrium  at  a  certain  air¬ 
speed  . 

Thus  the  equilibrium  case  Is  useful  In  providing  some  indications  as 
to  the  limits  of  certain  characteristics  of  the  dynamics  transition. 

In  addition  to  predicting  forces  in  transition,  the  generated 
curves  are  intended  to  aid  in  determining  feasibility  of  certain 
designs.  AnalysLs  of  the  curves  may  suggest  limiting  values  as  well 
as  the  most  desirable  parameter  combination  for  a  particular  configu¬ 
ration.  This  in  turn  will  allow  the  merits  of  the  tilt  wing  and  tilt 
rotor  designs  to  be  compared. 

METHOD  OF  ANALYSIS 

The  methodology  of  this  analysis  was  developed  in  conjunction  with 
a  tilt  rigid  rotor  design  concept  study  (Reference  2)  and  then  extended 
to  encompass  a  wide  range  of  parameters  and  transition  details.  For 
a  given  geometric  configuration,  this  computerized  technique  was 
employed  to  predict  local  flow  angles,  free-stream  and  slipstream 
velocities,  relative  wing  angles  of  attack,  resultant  wing  and  body 
forces,  and  thrust  and  power  required  to  maintain  a  non-acce lerated 
condition  at  specific  propulsor  tilt  angles  throughout  the  tilt  range 
from  cruise  to  hover. 
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The  entire  analysis  considered  within  this  report  was  confined 
co  the  equilibrium  transition,  excluding  all  inertial  farces  or, 
more  precisely,  any  time  dependency.  Thus,  each  data  point  on  the 
curves  presented  was  independent  of  the  preceding  points  and  no 
propuisor  tilting  schedule  was  required.  The  effects  of  varying 
the  following  parameters  were  considered:  disc  loading,  wing  load¬ 
ing,  aspect  ratio,  taper  ratio,  spanwise  engine  location,  number  of 
engines,  wing  incidence  (tilt  rotor  only),  and  thrust  off-set  angle 
(thrust  axis  relative  to  mean  airfoil  section  chord).  In  addition, 
fuselage  rotation  about  the  pitch  axis,  various  flight  path  slopes, 
and  airfoil  variations  (including  various  flaps  and  spoilers)  were 
studied.  The  variation  in  flow  over  the  wing  due  to  slipstream 
induced  velocity  was  incorporated  in  the  analysis,  as  was  Che  change 
in  resulting  effective  aspect  ratio  calculated  from  Reference  4. 

Analysis  was  limited  to  tilt-wing  and  tilt-rotor  v/STOL  aircraft. 
A  different  transitioning  technique  was  employed  for  each  of  these 
two  designs,  since  a  large  drag  force  was  found  necessary  to  decrease 
the  aircraft's  velocity  as  the  propulsors  rotated  towards  the  hover 
position.  Tilting  of  the  wing  rotated  the  lift  vector  rearward  and 
provided  sufficient  drag  to  slow  the  tilt  wing  design  to  a  near-zero 
forward  velocity,  but  the  fixed  wing  tilt-rotor  vehicle  lacked  this 
velocity  reduction  capability.  As  an  alternative,  it  was  necessary 
to  pitch  the  tilt  rotor's  fuselage  upward  in  a  maneuver  similar  to 
a  helicopter's  flare  upon  landing.  This  resulted  in  the  same  effect 
for  the  fixed  wing  as  a  partial  wing  rotation  for  the  tilt  wing,  and 
the  resultant  drag  significantly  reduced  the  tilt  rotor's  forward 
velocity.  The  question  of  the  degree  of  fuselage  rotation  then  became 
another  parameter  to  be-  considered.  For  both  aircraft  designs,  proper¬ 
ties  of  the  airfoil  sections  used  and  characteristics  of  the  flow 
around  the  wing  thus  became  important  factors. 

By  means  of  summing  the  forces  perpendicular  and  parallel  to  the 

assumed  flight  path  slope,  the  slipstream  dynamic  pressure  (q  )  and 

s 

thrust  (T  )  required  for  equilibrium  were  determined  at  each  rotation 
P 

angle  (9).  A  complicated  interrelation  of  thrust,  free-stream  and 
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slipstream  dynamic  pressures,  and  dependent  terms  made  necessary  a 

means  of  solution  of  the  force  summation  equations  in  terms  of  the 

independent  variables  q,  and  T  (see  Figure  1). 

s  p 

R,  =  EF  =  NT  sin  (0+6 )  +  L  +  L  cos  3  +  L.,  cos  3 
1  vpp  q  s  N 

»  Dm  sin  3  -  D„  sin  3  +  -  W  cos  V 

N  S  BT 


‘  Vp  sl"  <9+6>  +  CL  qSq  +  CL  ’sSI  COS  6  +  Cl„,qsKpSM  COS 


'  St"  9  -  CDsqsSI  sl"  9  +  -  »  cos  V  [1J 


R2  =  ^h  =  NpTp  COS  ^6+6^  '  Ls  sin  P  ~  LN  sin  3  -  Dbt 
-  -  Dg  cos  3  -  Dn  cos  3  -  W  sin  Y 

"  NpTp  cos  (0+6)  -  CL  qsSr  sin  3  -  C^qsNpSN  sin  P 

lvCDFqSF  +  fFq;  "  CD  qSq  "  CDsqsSI  C°S  P 
"  CD  qsNpSN  COS  ^  "  W  sin  Y 


C  2  J 


Note  that  the  variables  in  Figure  1  were  related  to  the  independent 

variables  T  and  q  as  follows: 

P  s 


B  *  sin' 


T  sin  (0+6) 

.1  p  1 


=  tan 


T  sin  (0+6) 


S  q  +  T  cos  (0+6) 
P  P 


a  =  i  +6-0 
s  w 


[4] 


a  =  i  +  6  (Tilt  Rotor) 
q  w 


[5a] 


Oq  =  crs  +  i5  =  iw+6  =  0  +  f+  6  (Tilt  Wing)  [5b] 


a  =  q  cos  g  -  ~  cos  (0+6) 
s  bp 


[6] 


Equations  [l]  and  [2]  were  solved  simultaneously  for  and  qs  in 

conjunction  with  Equations  [3]  through  [6]  using  a  Modified  Newton- 

Raphson  numerical  technique.  (See  Reference  2  (Appendix  A),  Reference  5 

and  Appendix  of  this  report.)  The  lift  and  profile  drag  coefficients 

corresponding  to  free  stream  (C.  ,  Cn  )  and  slipstream  (CT  «  Cn  ) 

q  °q  s  uos 

wing  angles  of  attack  were  obtained  from  the  curves  of  Figure  2  by  an 
interpolation  subroutine.  Since  these  curves  were  required  for  angles 
of  attack  from  -90°  to  +90°,  they  were  not  readily  available.  The 
required  curves  could  be  calculated  from  the  theory  of  Reference  6, 
while  References  7,  8,  and  9  provided  empirical  curves  and  showed  the 
effects  of  flap  and  spoiler  employment. 

A  method  from  Reference  4  for  predicting  lift  and  drag  on 
cylindrical  bodies  was  extended  so  that  the  forces  on  both  the  fuse¬ 
lage  and  nacelles  could  be  determined.  The  nacelles  were  considered 
to  be  totally  immersed  in  the  slipstream,  thus  experiencing  the  dynamic 
pressure  qg  at  an  angle  of  attack  o^,,  where 

o?N  =  0  +  6-8  [7] 


The  nacelle  lift  and  drag  coefficients  were  then  defined  as 

2 

C,  =  sin  orM  cos  or., 

h  dr  n  n 


CDn  “  CDr  Sln  aN  +  T) 

M  D  Oj^ 


r  o! 


L8 


with  values  of  the  basic  cylindrical  drag  coefficient  (Cn  )  and 

B 

nacelle  profile  drag  coefficient  (Cr  )  taken  to  be  1.0  and  0.045, 

°N 

respectively.  The  lift  and  drag  forces  per  nacelle  then  became 
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C9] 


\  ^  S> 


D  =  C  q  S 
N  D„  Hs  N 
N 


[10] 


with  the  corresponding  area  a  product  of  nacelle  diameter  and  length, 


SN  =  dN 


[11] 


The  lift  and  drag  of  the  fuselage- empennage  combination  were 
calculated  in  a  similar  way,  and  were  associated  with  the  free-stream 
dynamic  pressure  q  at  an  angle  6. 


C-  =  sin*  6  cos  6 
lf  °B 


CD  CD 
F  B 


sin3  6 


LBT  CL_  q  SF 

r 


°BT  °F1  +  °BTp 


CDp  q  SF  +  fF  q 


[12] 

[13] 

[14] 
fl5] 


where  S_  =  d  i  and  che  profile  drag  term  was  based  on  an  empirical 
F  F  F 

equivalent  parasite  area,  f  ,  similar  to  Reference  6. 

F 

A  major  part  of  the  analysis  involved  the  effects  of  the  slip¬ 
stream  flow  field  over  the  wing  on  the  corresponding  velocities, 
pressures,  and  forces  of  Figure  1.  The  free-stream  dynamic  pressure 
(q)  was  altered  in  Equation  [6]  by  the  thrust  loading  (t^/ S^j  so  that 

an  effective  dynamic  pressure  ^g'j  was  produced  in  the  slipstream  and 
experienced  by  the  immersed  wing  area  ^ST^.  This  appears  in  Figure  1 

as  the  vector  addition  of  free-stream  velocity  (V)  and  twice  the  pro- 
pulsor  induced  velocity  t0  produce  the  velocity  in  the  slipstream 

(V  ).  These  velocities  were  defined  as: 


V  = 


n/ 


2£ 


[16] 
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Consideration  of  separate  free-stream  and  slipstream  flow  regions 
involved  the  assumption  that  the  actual  dynamic  pressure  distribution 
across  the  wing  (Figure  3)  could  be  represented  by  approximately  con¬ 
stant  values  of  q  and  qg  in  uniform  flow  fields.  The  higher  velocity 
slipstream  produced  an  effective  aspect  ratio  due  to  an  endplating 
effect  on  the  free-stream-immersed  wing  portion,  and  the  total  wing 
drag  coefficient  in  the  free  stream  then  became 


[19] 


Reference  4  was  used  to  determine  AR^^  employing  the  related  wing 

span  (b  )  as  shown  in  Figure  3.  The  remaining  wing  span  (b  )  was  used 
q  s 

to  define  the  aspect  ratio  in  the  slipstream  (AR  )  so  that  the  total 

s 

slipstream  drag  coefficient  could  be  calculated  for  the  wing  as 


with  an  assumed  aircraft  efficiency  factor  (e)  of  0.9.  This  immersed 
wing  section  (S^)  was  always  considered  to  have  the  wing  tips  within 

the  boundary  of  the  slipstream  so  that  the  induced  drag  -oefficient 
could  be  defined  as  in  Equation  r20l.  Both  the  slipstream  and  freestream 
immersed  areas  were  altered  accordingly  for  variations  in  aspect  ratio, 
taper  ratio,  propulsor  radius  and  spanwise  engine  location. 

Transition  power  requirements  as  a  function  of  propulsor  tilt 
angle  were  calculated  based  on  the  total  propulsor  thrust  and  ssociated 
flow  velocity  at  the  propulsor  plane  (V  )  necessary  to  maintain  the 

unaccelerated  condition: 
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where 


N  T  cos  0  V 
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r  = 


0  =  COS 


V  2  +  VT2  -  V2 
P _ I _ 


2V  V 
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[23] 


In  order  to  avoid  involving  the  tradeoff  study  with  the  complexity 
of  rotor  design  and  blade  characteristics,  the  propulsor  was  assumed 
to  be  simply  an  impulse  disc  of  a  given  area  able  to  produce  the  re¬ 
quired  equilibrium  thrust,  and  the  rotor  drag,  rotor  normal  force, 
tip  losses,  and  slipstream  swirl  were  neglected.  This  led  to  the 
assumption  of  a  propulsive  efficiency  of  1,0,  and  caused  Equation  [21] 
to  yield  thrust  horsepower  only;  therefore,  the  predicted  power 
requirements  of  this  report  are  underestimated. 

Use  of  the  dimensionless  ratios  required  that  disc  loading,  wing 
loading,  and  certain  other  quantities  be  calculated  using  input  physi¬ 
cal  characteristics  of  the  aircraft  in  hover  as  follows  (V=0,  T=W,  0-0): 


W 

[24] 

disc 

loading  = 

Np  S  p 

wing 

loading  = 

W 

s 

[25] 

q0,  _ 

w 

[26] 

Np  Sp 

Vs  = 
SH 
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[27] 
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[29] 


Equations  [24]  through  [29]  are  ideal  hover  quantities  based  only  on 

the  thrust  necessary  to  support  in  equilibrium  the  gross  weight  of  the 

aircraft,  and  do  not  include  slipstream  download  effects  on  the  wing 

or  fuselage,  rotor  losses  or  rotor  profile  power.  For  convenience  in 

obtaining  absolute  quantities  from  values  of  the  nondimens ional  ratios, 

Table  1  presents  values  of  V  and  THP„  for  given  disc  loadings  (noting 

SH  H 

that  disc  loading  and  q  are  equivalent  in  hover)  and  a  gross  weight 

SH 

of  30,000  pounds. 

Assumptions  made  in  this  analysis  should  be  noted  so  that  limita¬ 
tions  on  the  results  may  be  realized.  Since  the  major  purpose  of  the 
program  was  prediction  of  equilibrium  forces  as  a  function  of  tilt 
angle  in  transition,  the  aircraft  was  considered  to  have  sufficient 
tail  forces  and  rotor  control  moments  to  keep  it  trimmed  during  propul- 
sor  tilting.  Yaw,  roll,  and  side  force  terms  were  eliminated  by  con¬ 
sidering  only  longitudinal  motions  in  the  vertical  plane.  The  wing 
area  was  assumed  to  be  continually  immersed  in  a  uniform,  nonrotat¬ 
ing  slipstream  (i.e.  no  swirl  effects  considered).  In  addition,  the 
entire  transition  was  considered  to  occur  at  a  constant  aircraft  gross 
weight  and  density  altitude  (sea  level),  inferring  that  dynamic  pres¬ 
sures  q  and  qg  were  indicative  of  velocities  V  and  V  .  Fuselage  drag 
calculations  assumed  a  retracted  landing  gear. 

Data  for  a  sample  case  are  shown  in  Figure  4,  where  the  predicted 
transition  is  compared  to  flight  test  data  from  the  Canadair  CL-84  tilt 
wing,  twin-engined  V/ST0L  aircraft.  Curve  A  was  based  on  an  assumed 
dynamic  pressure  distribution  as  given  in  Figure  3.  However,  Reference 
1  denoted  the  difficulty  experienced  in  determining  the  proper  rela¬ 
tionships  between  the  freestream  and  slipstream  flows,  and  referred  to 
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the  ability  of  the  propulsor  slipstream  to  influence  flow  from  the 
surrounding  freestream.  This  effectively  increased  the  diameter  of  the 
higher  velocity  slipstream,  and  added  to  its  lift-producing  capabili¬ 
ties.  To  approximate  this  factor  an  increase  of  307,  in  the  slipstream 

immersed  wing  area  (i.e.  S  a  1.3  S.,  curve  B)  gave  better  agreement 

LC  1 

with  the  experimental  data  towards  the  cruise  portion  of  the  curve 
k  .  The  comparison  in  this  figure  is  actually  between  the 


experimental  curve  occurring  over  a  finite  time  interval  and  the  equi¬ 
librium  curves  A  and  B  occurring  over  an  infinite  time.  Past  explora¬ 
tory  work  supported  the  assertion  of  Reference  2  that  the  dynamic  transi 
tion  degenerated  into  the  equilibrium  case  in  the  limit  as  transition 
time  became  infinite.  Curve  B,  with  the  increased  slipstream  immersed 
area,  is  felt  to  be  a  closer  approximation  of  that  limit  since  agree¬ 
ment  with  the  flight  data  is  very  good  in  both  hover  and  cruise  (the 
two  near-equilibrum  portions  of  the  experimental  curve). 


APPLICATION  TO  TRADE-OFF  ANALYSIS 
The  original  equilibrium  transition  analysis  (Reference  2)  was  en¬ 
larged  so  that  many  families  of  curves  could  be  generated  to  provide  a 
rapid  survey  of  various  parameter  effects,  availing  itself  for  vehicle 
trade-off  study  purposes.  By  nondimens ionalizing  the  curves,  an  entire 
spectrum  of  transition  gross  weights  could  be  considered  for  both  the 
tilt  wing  and  tilt  rotor  configurations.  All  nondimens ional  curves  were 
generated  using  a  transition  weight  of  30,000  pounds,  but  similar  re¬ 
sults  would  be  valid  for  any  transition  wight  if  the  same  disc  loading, 
wing  loading,  aspect  ratio,  number  of  engines,  etc.,  existed.  Absolute 
transition  quantities  for  any  given  transition  weight  were  obtained 
from  the  nondimens ional  curves  and  a  knowledge  of  the  theoretical  hover 
quantities  (Equations  [24]  through  [29]) and  the  wing  stall  angle. 

It  was  evident  that  certain  geometric  combinations  of  wing  loading, 
disc  loading,  aspect  ratio,  taper  ratio,  and  spanwise  engine  location 
were  not  feasible  in  that  a  minimum  clearance  had  to  be  maintained  be¬ 
tween  rotor  and  fuselage.  Based  on  an  empirical  equation  for  fuselage 
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[30] 


width  relative  to  transition  gross  weight, 

w_  =  0.26  W“, 
r 

the  curves  in  Figures  5,  6,  and  7  show  design  limitations  based  on  clear¬ 
ance  that  must  be  maintained  between  propulsor  and  fuselage  for  10,000, 
30,000  and  100,000  pound  aircraft,  respectively.  These  limiting  values 
were  adhered  to  when  determining  which  configurations  to  use  in  curve 
generation  and  should  be  kept  in  mind  as  a  guide  for  proposed  designs. 

The  families  of  curves,  though  intended  to  be  as  general  as  possible, 
must  of  necessity  be  limited  to  a  particular  airfoil  section  and  its  cor¬ 
responding  aerodynamic  data.  Effort  was  made  to  choose  wing  airfoils 
which  were  complimentary  to  the  type  of  V/STOL  being  analyzed,  and  it  is 
felt  that  those  airfoils  used  do  clearly  show  the  trends  displayed  by  a 
particular  configuration.  Since  the  curves  presented  cannot  cover  all 
possible  parameter  combinations,  including  choice  of  wing  sections,  there 
may  be  other  cases  which  the  reader  may  want  to  examine. 

Figures  8  through  28  present  the  curves  generated  to  illustrate  gen¬ 
eral  equilibrium  transition  trends  and  the  effects  of  parameter  varia¬ 
tion.  These  were  analyzed  in  two  separate  groups  due  to  the  distinct 
transition  techniques  found  necessary  for  tilt  wing  and  tilt  rotor  air¬ 
craft.  Both  configurations  transitioned  along  a  horizontal  flight  path, 
with  the  approach  angle  being  one  of  the  parameters  under  consideration. 

The  differing  lift  requirements  of  the  two  V/STOL  types  determined  both 
the  choice  of  airfoil  sections  and  the  initial  wing  incidence  settings. 

In  producing  the  characteristic  curves,  initial  effort  was  made  to 
determine  appropriate  airfoil  sections  and  body  rotation  schedules  (if 
any)  which  would  compliment  the  differing  configurations.  Emphasis  was 
then  placed  on  recognition  of  favorable  disc  loadings  with  consideration 
for  the  dependence  of  installed  power  and  downwash  velocities.  A  base¬ 
line  configuration  for  each  V/STOL  type  was  established,  keeping  physi¬ 
cal  parameters  as  similar  as  possible  so  that  a  comparison  of  tilt  wing 
versus  tilt  rotor  could  eventually  be  made.  Parameters  were  tnen  varied 
individually  and  significant  trends  noted.  A  final  configuration  for 
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each  aircraft  was  proposed  as  a  result  and  a  comparison  made  between  the 
types . 

TILT-WING  AIRCRAFT  ANALYSIS 

Simultaneous  tilting  of  both  wing  and  propulsor  led  to  the  possi¬ 
bility  of  flow  separation  and  consequent  wing  stall,  which  according  to 
References  3,  11  and  12,  could  become  a  serious  problem  during  decelera¬ 
tion  or  partial  power  descent,  especially  on  low  disc  loading  aircraft. 

At  wing  angles  of  attack  exceeding  the  normal  stall  conditions,  increased 
thrust  was  necessary  to  augment  the  induced  velocity  thus  more  ef¬ 

fectively  turning  the  incoming  flow  and  reducing  the  local  angle  of  at¬ 
tack  of  the  immersed  wing  Proper  airfoil  choice  should  follow  the 

criteria  that  the  stall  be  postponed  as  long  as  possible,  although  with 
reasonably  high  disc  loadings,  it  was  found  that  stall  did  not  often  oc¬ 
cur  on  that  portion  of  wing  immersed  in  the  siipsteam.  (The  unimmersed 
wing  area  always  stalled,  since  its  angle  of  attack  was  proportional  to 
the  tilt  angle). 

Figure  2(a)  presents  lift  and  drag  data  for  the  modified  NACA 
633-418  airfoil  with  Kruger  leading  edge  flaps  and  a  stall  angle  of  26J . 
This  airfoil  was  used  effectively  on  the  Canadair  CL-84  ana  should  prove 
favorable  on  the  typical  tilt  wing  configuration  because  stall  is  post¬ 
poned  to  higher  angles  of  attack  than  those  available  with  most  conven¬ 
tional  airfoils.  These  conventional  shapes  could,  however,  provide 
higher  lift  coefficients  at  lower  angles  of  attack  Lsee  for  example,  the 
flapped  NACA  4415  airfoil  of  Figure  2(b) J,  but  would  be  undesirable  if 
the  stall  angle  were  easily  exceeded  during  wing  tilt. 

In  Figure  8,  the  NACA  633 -4 1 8  airfoil  and  a  variation  employing 
simulated  spoilers  were  used  on  a  sample  tilt  wing  aircraft  with  both 
disc  and  wing  loadings  of  50  Ibs/ft"  and  an  aspect  ratio  of  8.0.  In  both 
cases,  the  effects  of  slipstream  turning  due  to  wing  downwash  were  ne¬ 
glected.  The  ability  of  this  airfoil  to  postpone  stall  made  it  a  good 
choice  for  illustrative  purposes,  and  it  was,  therefore,  used  as  the 
baseline  airfoil  for  the  tilt  wing  configuration.  It  is  interesting  to 
note  that  the  simulated  spoilers  increased  drag,  reduced  lift,  and  thus 
required  more  thrust  and  higher  velocity  to  maintain  equilibrium.  They 
also  required  higher  angles  of  attack  on  the  slipstream- immersed  wing 
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at  higher  tilt  angles.  Results  of  variation  in  airfoil  characteristics 
in  Figure  8  served  to  re-emphasize  the  heavy  dependence  of  the  V/STOL 
transition  upon  input  airfoil  data. 

Based  on  data  gathered  during  the  development  of  preliminary  plots, 
the  following  physical  parameters  were  chosen  as  being  either  complimentary 
to  the  tilt  wing  or  necessary  to  examine  certain  extremes  of  parameter 
values  (e.g.,  use  of  higher  aspect  ratio  allowed  large  diameter,  low  disc 
loading  rotors  to  be  employed  without  fuselage  interference): 


gross  weight, 
disc  loading, 
wing  loading, 
aspect  ratio, 
flight  path  angle, 
taper  ratio, 
number  of  propulsors, 

engine  location  parameter, 

thrust  offset  angle, 
fuselage  rotation  angle, 
wing  incidence, 

aircraft  efficiency  factor, 
wing  stall  angle, 


U  =  30,000  lb 

DL  =  50  lb/ft3 

W/S  -  50  lb/ft3 

AR  =  8.0 

V  »  0° 

X  =  0.9 

N  =  2 
P 

X/R  =1.0 
P 

♦  =  3 
5  =  0° 

i  =  3°  (initially,  in  cruise) 
e  =  0.9 


These  became  the  characteristics  of  the  baseline  tilt  wing  aircraft,  and 
remained  constant  throughout  the  nondimensional  curves  presented,  except 
when  a  given  parameter  was  varied  and  that  variation  noted  on  the  appro¬ 
priate  plot.  Also,  the  correction  factor  for  the  increase  in  effective 

/  \ 

slipstream  immersed  wing  area  was  reduced  to  28%  i  i,e.,  S  =  1.28  S  t 

(  1  1 

\  / 

to  prevent  that  area  from  exceeding  the  overall  wing  area  in  certain  cases 
of  large  rotor  diameter.  Fuselage  rotation  (independent  of  wing  tilting) 
was  found  to  yield  only  a  small  proportion  of  the  drag  required  for 
transition  to  hover,  since  the  main  drag  terms  were  produced  by  the 
wing  at  high  tilt  angles.  Therefore,  pitching  of  the  fuselage  was  not 
employed  with  the  tilt  wing  aircraft  as  a  means  of  achieving  the  hover 
mode . 
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Figure  9  presents  sample  transition  data  for  the  baseline  tilt 
wing  aircraft,  in  which  variations  of  velocities,  dynamic  pressures, 
flow  angles,  aerodynamic  forces  and  power  with  tilt  angle  may  be  noted. 

The  hover  mode  (q  =  0)  was  reached  at  a  tilt  angle  of  73.5°,  indicating 
that  the  weight  was  then  being  supported  by  a  combination  lift  and  thrust 
vector.  The  variations  in  the  magnitudes  of  the  forces  corresponded 
directly  to  the  velocities  and  flow  angles  of  Figure  9(b),  in  particular 
oq  and  0fa. 

PARAMETRIC  VARIATIONS 
Disc  Loading 

Reference  10  relates  higher  disc  loadings  to  increased  slipstream 
velocities  and  installed  power  requirements.  Using  hover  quantities  as 
an  indication  of  installed  power,  this  relationship  was  verified  by  results 
from  Equations  [26]  to  [29]  as  presented  in  Table  I.  Figure  10  indicates 
that  the  same  higher  power  requirement  was  present  throughout  the  entire 
transition  for  larger  disc  loadings.  The  associated  higher  thrust  produced 
greater  induced  (Vj_)  and  slipstream  (Vs)  velocities,  thus  reducing  the 
angle  of  attack  necessary  in  the  slipstream.  In  contrast,  Figure  11  in¬ 
dicates  the  inability  of  a  low  disc  loading  to  turn  the  slipstream  enough 
to  prevent  stall  when  the  wing  was  not  heavily  immersed  in  the  slipstream. 
(This  will  be  further  discussed  in  relation  to  the  spanwise  engine  location 
parameter,  X/Rp) .  Little  variation  in  equilibrium  free-stream  dynamic 
pressure  was  evident  with  change  in  disc  loading,  except  towards  hover. 
There,  the  higher  disc  loading  designs  hovered  at  lower  tilt  angles  due 

to  greater  vertical  wing  resultant  forces  fF  V  The  above  observations 

'  v  > 

would  suggest  a  moderate  or  "upper  moderate"  disc  loading  (on  the  order 
of  40  to  60  psf )  for  tilt  wing  aircraft.  Anoidance  of  wing  stall  should 
determine  a  minimum  disc  loading,  with  the  upper  limit  being  established 
by  propulsor  downwash  velocities  and  power  requirements  in  hover. 

(Reference  10  suggests  an  upper  limit  of  80  lb/sq.  ft.  based  on  installed 
power  requirements  and  specific  fuel  consumption.)  The  final  choice 
would  also  have  to  take  into  consideration  range  and  speed  requirements 
in  the  cruise  mode,  which  are  also  functions  of  disc  loading. 


14 


Variation  in  disc  loading  p: oduced  corresponding  changes  in  the 

hover  quantities  q  ,  V  and  TUP  ,  which  would  have  made  comparisons 
SH  S11  H 

difficult  between  curves  in  Figure  10.  To  rectify  this,  the  starred 

quantities  q  *,  V  *,  and  THP,,*  corresponding  to  a  disc  loading  of  60 
SH  SH  n 

lbs/sq.  ft.  were  used  as  nondimensionalizing  values  throughout  Figure  10, 
and  allowed  direct  comparison  between  curves  to  be  made. 

Wing  Loading 

Ar.  increased  aircraft  wing  loading  implied  a  decreased  wing  area 
for  a  constant  weight,  and  thus,  the  need  for  a  higher  angle  of  attack 
to  provide  the.  same  lift.  Higher  wing  loadings,  as  shown  in  Figure  12, 
thus  resulted  in  greater  power  requirements  due  to  a  reduction  of  the 
net  vertical  wing  force  produced  by  smaller  wing  areas.  As  a  consequence, 
transition  velocity  was  higher  at  a  given  tilt  angle,  and  the  conversion 
to  hover  was  postponed  until  higher  tilt  angles  were  reached.  In  the 
near-cruise  mode,  the  higher  wing  loadings  again  required  greater  thrust, 
velocity  and  power  to  maintain  cquilibruim.  As  indicated  by  these  trends, 
a  low  to  moderate  wing  loading  is  desirable  throughout  the  entire  tran¬ 
sition  range  from  cruise  to  hover. 

In  the  power-velocity  curves  of  Figure  12,  it  appears  that  there 
is  some  noticeable  error  near  hover  where  neglect  of  slipstream  turning 
due  to  wing  downwash  effects  has  probably  caused  underestimation  of  re¬ 
quired  hover  power.  This  may  also  be  due  in  part  to  limits  placed  on 
the  iterative  numerical  solution  near  hover  (which  caused  data  to  be  out¬ 
put  within  a  finite  number  of  iterations),  and  in  part  to  possible  over- 
estimation  of  the  slipstream's  ability  to  entrain  flow  and  increase  the 
immersed  wing  area.  It  is  expected  that  these  curves  should  actually 

converge  on  THP/THP^  =  1.0  as  V/VB  approaches  zero. 

H 

Aspect  Ratio 

As  the  aspect  ratio  was  increased  at  a  constant  disc  and  wing 
loading,  a  smaller  percentage  of  the  wing  was  immersed  in  the  propulsor 
slipstream.  Nearer  to  cruise,  this  led  to  reduced  wing  drag,  a  lower 
thrust,  and  consequently  a  lower  power  requirement  (Figure  13).  At 
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reduced  velocities  and  higher  tilt  angles,  the  larger  free-stream  wing 
area  (S^)  o £  high  aspect  ratios  led  to  greater  wing  drag  and  higher  angle 
of  attack  and  power  requirements.  In  addition,  reduction  in  the  vertical 
wing  force  postponed  hover  to  a  higher  tilt  angle.  The  choice  of  aspect 
ratio  then  fell  into  two  regions,  with  higher  values  being  more  favorable 
towards  cruise  and  lower  values  near  hover.  It  is  possible  tuat  neglect 
of  slipstream  turning  may  again  have  caused  underestimation  of  power  near 
hover  (as  in  Figure  12)  and  that  the  power  curves  of  Figure  13  should 
more  closely  approach  THP/THP^  =1.0.  In  this  case,  the  emphasis  on  low 
aspect  ratio  near  hover  would  be  lessened.  Selection  of  a  high  aspect 
ratio  must  include  consideration  of  structural  and  mechanical  problems 
involved  in  tilting  a  long  slender  wing. 


Flight  Path  Angle 

A  steeper  approach  angle  (V  more  negative)  increased  the  weight 
component  along  the  flight  path,  augmenting  the  required  thrust  and  thus 
reducing  the  horsepower.  This  component  contributed  to  the  forward 
velocity  a3  evidenced  by  a  higher  q  in  Figure  14.  Also,  a  steeper 
approach  slope  required  a  greater  tilt  angle  to  achieve  hover  (q  =  0). 

A  positive  V  effectively  reduced  the  slipstream  angle  of  attack  (reduc¬ 
ing  the  possibility  of  flow  separation  and  stall),  unloaded  the  wing 

(reduced  F  )  earlier,  and  transitioned  to  hover  at  a  lower  tilt  angle 
wv 

but  higher  power.  This  positive  flight  path  angle  could  be  employed  in 
a  "pullup"  maneuver  to  reduce  aircraft  velocity.  The  final  choice  of  y 
would  ultimately  be  determined  by  mission  and  landing  requirements  placed 
on  the  aircraft. 


Thrust  Offset  Angle 

Offsetting  the  thrust  line  above  (t  negative)  or  below  (ty  positive) 
the  wing  chord  had  the  effect  of  translating  the  original  curves,  Figure  15. 
A  positive  angle  (i.e.,  wing  chord  above  the  thrust  axis,  Figure  l)  caused 
higher  angles  of  attack  and  wing  drag  while  bringing  the  aircraft  to  hover 
at  a  lower  tilt  angle.  Power  was  less  at  a  given  velocity  because  the 
wing  vertical  force  was  greater  and  required  less  thrust  for  equilibrium. 
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However,  with  the  avoidance  of  wing  stall  being  of  significant  importance, 
Che  results  of  Figure  15  would  tend  to  favor  a  thrust  axis  offset  several 
degrees  above  the  wing  chord  ($  negative). 

Number  of  Engines 

Figure  16  presents  data  for  two-  and  four-engined  tilt  wing 
configurations  with  the  same  wing  loading,  disc  loading  per  propulsor, 
and  X/Rp  at  the  outer  props.  To  maintain  identical  disc  loadings,  the 
rotor  radius  on  the  two-engined  design  was  greater  but  the  total  slip¬ 
stream  immersed  wing  area  was  less  than  for  the  four-engined  version. 

The  trends  observed  were  then  similar  to  those  for  variation  in  aspect 
ratio  (Figure  13).  Four  rotors  corresponded  to  low  AR  and  a  larger  slip¬ 
stream  immersed  area  thus  reducing  the  required  angle  of  attack  and  free- 
stream  dynamic  pressure.  On  the  other  hand,  two  engines  required  less 
thrust  and  power  near  cruise,  corresponding  to  the  lower  immersed  area 
of.  higher  aspect  ratios  in  Figure  13.  In  both  cases,  approximated  slip¬ 
stream  effects  were  removed  by  setting  Sj  and  X  equal  to  unity. 

S panwise  Engine  Location 

Moving  the  engines  inboard  from  the  wing  tip  (increasing  X/Rp 
from  0  to  1)  increased  the  slipstream  immersed  wing  area,  requiring  a 
lower  free-stream  velocity  and  slipstream  angle  of  attack  for  the  same 
tilt  angle  and  thereby  postponing  any  existing  tendency  towards  stall 
in  the  slipstream.  In  Figure  17,  a  hump  in  the  free-stream  dynamic 
pressure  occurred  for  X/Rp  =  0.0  (smallest  slipstream  immersed  area 
since  the  engine  centerline  was  at  the  wing  tip)  where  the  large  non- 

immersed  wing  section  stalled  (a  >  a  ,  where  0=0  and  o  =  26°  | . 

I  q  st’  q  st  J 

As  X/R  increased  to  1.0  the  engines  were  moved  inboard  and  more  of  the 
P 

wing  became  immersed  in  the  slipstream,  thereby  eliminating  the  hump. 

This  effectively  increased  total  lift,  and  reduced  thrust,  power,  angle 
of  attack,  and  dynamic  pressure.  These  trends  were  noticed  mainly  in 
the  region  of  higher  tilt  angles.  Figure  11  presented  regions  of  stalled 
flow  for  X/Rp  =  0.0  and  various  disc  loading,  wing  loading,  and  tilt 
angle  combinations.  A  series  of  plots  similar  to  Figure  18,  when  cross- 
plotted  with  other  like  plots,  gave  Figure  11.  It  is  seen  that  large 
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non-immersed  wing  areas  on  the  tilt  wing  configuration  caused  stalled 
flow  regions  and  power  requirements  greater  than  those  in  hover.  These 
effects  were  even  greater  for  smaller  disc  loadings.  The  importance  of 
an  inboard  engine  location  immersing  as  much  of  the  wing  as  possible  in 
Che  propulsor  slipstream  was  thus  heavily  emphasized  at  higher  tilt  angles. 

Taper  Ratio 

An  increase  in  taper  ratio  approaching  1.0  made  the  wing  planform 
more  rectangular  and,  at  a  constant  aspect  ratio,  disc  loading  and  wing 
loading,  increased  the  slipstream  immersed  wing  area.  It  is  seen  in 
Figure  19  that  these  effects  were  relatively  small  compared  to  results 
of  variations  in  other  parameters.  Figure  19  does  show  that  increased 
taper  ratio  led  to  trends  very  similar  to  a  decrease  in  aspect  ratio 
(Figure  13).  Thus,  at  low  tilt  angles,  lower  taper  ratios  yielded 
reduced  power  requirements,  but  the  trend  was  reversed  at  higher  tilt 
angles  due  to  the  reduced  free-stream  wing  drag  of  higher  taper  ratios. 

TILT-ROTOR  AIRCRAFT  ANALYSIS 

Due  to  the  fixed  nature  of  the  wing,  the  tilt  rotor  configuration 
did  not  encounter  the  problem  of  severe  wing  stall  due  to  flow  separation 
at  high  wing  tilt  angles.  Thus  the  high  slipstream  dynamic  pressure 
necessary  to  keep  the  tilt  wing  from  stalling  was  not  required,  and  low 
disc  loadings  could  be  employed.  However,  the  negative  angles  of  attack 
experienced  by  the  wing  in  the  slipstream  of  the  tilt  rotor  led  to 
problems  associated  with  negative  lift  coefficients  (see  Figure  2).  The 
equilibrium  solution  in  this  negative  lift  region  became  difficult  to 
obtain.  Greater  thrust  to  overcome  the  negative  wing  lift  produced 
higher  slipstream  velocities,  which  in  turn  increased  the  downward  lift 
vector  and  required  more  opposing  thrust.  This  divergent  problem  could 
only  be  resolved  after  negative  stall  was  exceeded  and  the  negative  lift 
vector  was  decreased.  To  avoid  this  situation,  simulated  spoilers  on 
the  wing  underside  reduced  the  undesirable  negative  region  on  the  NACA 
4415  airfoil  with  60u  split  flap  (Figure  2). 

The  NACA  4415  airfoil  was  chosen  to  provide  reasonably  high  lift 
coefficients  at  the  low  tilt  angle  (the  incidence  angle)  of  the  fixed 
wing.  Figure  20  shows  the  effects  of  flaps  and  the  simulated  spoilers 
on  the  NACA  4415  airfoil.  (The  stall  angle  was  the  negative  value 
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from  Figure  2,  but  the  absolute  value  was  taken  so  that  the  sign 


of  was  apparent  in  the  nondimens ional  ratio.)  A  sharp  peak  in  the 

dynamic  pressure  curves  at  tilt  angles  above  75u  and  the  steep  drop 

immediately  following  were  indicative  of  an  undesirable  velocity  profile 

for  o  :£  a  which  was  double-valued  and  large  for  most  of  the  transition, 
s  OL 

Of  the  three  curves,  the  simulated  spoilers  produced  a  smoother  q  and  a 

s 

decrease  as  well  as  power  buildup,  but  it  was  questionable  that  any  of 
these  trends  were  desirable  as  such. 

Comparison  with  the  smooth  curves  generated  for  the  tilt  wing 
indicated  that  the  problem  lay  in  the  fixed  wing's  inability  to  produce 
a  sufficient  retarding  drag  force  to  slow  the  aircraft  during  equilibrium 
transition.  A  nose-upward  rotation  of  the  fuselage  created  a  greatly 
increased  wing  drag  In  addition  to  drag  on  the  inclined  fuselage.  This 
body  rotation  (through  $  degrees)  was  employed  as  a  function  of  the 
rotor  tilt  angle,  so  that  the  total  rotor  rotation  (9  +  5)  relative 
to  the  flight  path  was 

0+5-0  +  /_  8  [31] 

K 

where  /  was  the  rotation  factor.  Figure  21  shows  that  a  total  body 
R 

rotation  of  30°,  (/  =  0.5),  greatly  reduced  the  magnitude  and  peaks 
R 

of  the  dynamic  pressure  curves  as  well  as  the  large  negative  angle  of 
attack  (since  the  wing  was  at  a  final  effective  incidence  of  33°  relative 
to  the  flight  path).  The  penalty  to  be  paid  was  a  peak  in  the  power 
curve  in  the  mid  transition  region  (due  to  earlier  reduction  in  lift) 
and  an  additional  hover  power  requirement  due  co  the  increasing  down 
load  on  the  wing  as  the  fuselage  was  re-rotated  towards  the  horizontal 
for  the  final  touchdown. 

As  a  result  of  the  foregoing,  the  simulated  spoilers  and  60° 
split  flap  on  the  NACA  4415  airfoil,  and  a  body  rotation  of  30°  were 
incorporat 'd  into  the  baseline  aircraft  and  its  transition  technique 
in  the  following  tradeoff  analysis.  As  with  the  tilt  wing  aircraft, 
preliminary  data  indicated  certain  favorable  parameters  to  be  employed 
on  the  baseline  tilt  rotor  design.  The  following  characteristics 
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were  held  constant  except  when  being  examined  individually: 


W  =  30,000  lb 
DL  «  15  lb/ft* 

W/S  =  80  Ib/ft** 

AR  =  8.0 
•v  =  0° 

X  =  0.9 

N  =  2 
P 

X/R  =  0.0 
P 

?  =  0° 

6  =  0.5  6  for  6  60° 

8,  *  60" 

o 

max 

i  =  3C 
w 

e  =  0.9 


These  values  were  chosen  to  be  as  nearly  compatable  with  the  tilt  wing 
configuration  as  possible,  so  that  eventual  comparison  between  the  two 
types  could  be  made. 

Typical  values  of  dynamic  pressures,  power,  forces,  and  flow 

angles  during  the  tilt  rotor  transition  are  given  for  the  baseline 

aircraft  in  Figure  22.  A  smaller  disc  loading  and  rotor  induced 

velocity  than  the  tilt  wing's  caused  the  velocities  V,  V  ,  and  V  to 

P  s 

be  of  similar  magnitudes  and  produced  a  much  greater  angle  ($)  between 
the  thrust  axis  and  the  velocity  vector  at  the  propulsor  ^Vp\.  Sudden 


variations  in  certain  of  the  forces  and  flow  angles  near  hover  were 
found  to  originate  at  the  zero  lift  angle  of  attack  in  the  slipstream 
.  This  crossover  to  negative  lift  was  also  responsible  for  the 

sharp  drop-offs  in  Figures  20  and  21  as  well  as  in  many  of  the  following 
nondimens ional  curves. 

With  the  employment  of  fuselage  rotation,  it  was  frequently  the 
case  that  hover  did  not  occur  when  the  rotors  were  vertical  (0  +  5  -  90°). 
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This  was  a  resale  of  the  inclined  wing  producing  a  negative  lift 
component  perpendicular  to  the  vertical  slipstream  (i.e.,  in  the  forward 
horizontal  direction).  Physically,  this  would  require  that  the  thrust 
vector  continue  to  rotate  beyond  the  vertical  to  balance  the  forward  lift 
component.  Also,  because  the  computerized  force  solution  was  an  itera¬ 
tive  numerical  type,  the  final  equilibrium  point  did  not  always  occur 
at  exactly  90°  tilt  angle.  In  both  of  the  above  cases,  the  curves  were 
incomplete  in  the  near  hover  region,  but  based  on  similar  solutions, 
it  was  felt  that  small  extrapolations  of  the  data  could  be  made.  Finally, 
it  should  be  noted  that  power  requirements  near  hover  were  slightly  over¬ 
estimated,  because  the  slipstream  immersed  wing  areas  were  based  on  the 
rectangular  area  immersed  at  low  tilt  angles  rather  than  the  actual 
circular  area  covered  in  hover. 

PARAMETRIC  VARIATIONS 

Disc  Loading 

Disc  loading  variations  again  involved  changes  in  the 

denominators  q  ,  V  ,  and  THP  ;  therefore,  as  with  the  tilt  wing,  the 
SH  SH  H 

scarred  quantities  (now  corresponding  to  DL  =  40  lb/ft  )  were  used  to 
make  the  curves  of  Figures  23  directly  comparable.  Increasing  disc 
loading  implied  decreased  propulsor  area  and  slipstream  immersed  wing 
area,  with  resulting  increases  in  slipstream  dynamic  pressure.  This  led 
to  greater  flow  deflection  angles  (0)  and  lower  a  ,  causing  the  lift  to 

become  negative  earlier  and  increasing  requirements  on  thrust,  power, 
and  freestream  dynamic  pressure  at  higher  tilt  angles.  According  to 
Reference  10,  effort  to  minimize  wing  area  in  the  downwash  from  high 
disc  loadings  could  lead  to  excessive  wing  loadings  much  higher  in 
value  than  the  associated  disc  loadings.  An  upper  limit  on  disc  loading 
of  20  lb/ft*  for  fixed  wing  "convertiplanes"  was  proposed  by  this 
reference;  the  curves  of  Figure  23  support  this  emphasis  on  large 
diameter,  low  disc  loading  rotors. 

Wing  Loading 

With  wing  size,  and  consequently  wing  loading,  being  limited 
by  the  clearance  which  must  be  maintained  between  propulsor  disc  and 
fuselage,  selection  of  high  wing  loadings  must  be  considered  carefully 
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to  avoid  interference.  Figure  24  indicates  that  at  low  tilt  angles 
increased  wing  loadings  required  higher  power,  slipstream  angle  of  attack, 
and  freestream  dynamic  pressure  to  compensate  for  reduction  in  wing  area. 

At  higher  tilt  angles,  the  lower  wing  loadings  experienced  increased 
downloads  and  associated  power  requirements.  Although  this  could  be 
partly  alleviated  by  use  of  additional  leading  and  trailing  edge  devices 
to  reduce  the  immersed  area,  it  appeared  that  higher  wing  loadings  showed 
more  promise  near  hover,  the  region  of  greatest  power.  In  addition  they 
were  effective  in  smooching  out  the  humps  in  the  dynamic  pressure  curves. 
Analysis  of  Figures  23  and  24  together  indicated  that  the  combination  of 
low  wing  loadings  and  higher  disc  loadings  should  be  avoided  for  the  tilt 
rotor  due  to  high  power  requirements  near  hover  and  double-valued  dynamic 
pressure  and  velocity  curves. 

Aspect  Ratio 

For  constant  disc  and  wing  loadings,  an  increasing  aspect  ratio 
yielded  a  reduced  slipstream  immersed  wing  area  and  a  resulting  lower 
download  in  hover,  but  as  seen  in  Figure  25  this  effect  was  not  large. 

A  more  noticeable  variation  was  found  in  the  power  required  near  the 
cruise  mode  where  lower  aspect  ratios  experienced  higher  wing  drag  and 
thus  required  greater  thrust  and  power.  It  appeared  that  a  high  aspect 
ratio  was  favorable  in  both  the  cruise  and  hover  modes,  the  upper  bound 
being  limited  by  structural  considerations. 

Flight  Path  Angle 

Figure  26  shows  similar  trends  with  variation  of  flight  path 
angle  to  those  shown  in  Figure  14  for  the  tilt  wing.  A  reduction  in 
power  definitely  seemed  to  favor  the  negative  '  (descending  approach). 
Reduced  thrust  required  higher  0rg  and  postponed  hover  and  the  occurence 

cf  negative  lift  components  to  higher  tilt  angles,  but  was  also  associated 
with  higher  dynamic  pressures.  By  comparison,  a  positive  y  (analogous 
to  a  "pullup")  resulted  in  approaching  hover  much  earlier  in  the  tilt 
schedule,  as  well  as  larger  power  requirements.  In  consideration  of  the 
above,  a  descending  transition  appears  more  likely,  but  the  actual  decision 
should  depend  heavily  upon  the  type  of  maneuver  the  particular  mission 
involves . 
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Wing  Incidence 

Increase  in  the  angle  of  attack  of  the  fixed  wing  had  its 
greatest  effect  at  low  tilt  angles  where  it  was  useful  in  producing 
a  higher  lift  coefficient  near  cruise.  At  high  tilt  angles  its 
effectiveness  was  decreased.  In  addition,  any  advantage  obtained  could 
effectively  be  produced  by  fuselage  rotation.  The  upper  limit  on  wing 
incidence  would  probably  be  a  function  of  drag  generation  in  cruise. 

Near  the  hover  mode,  very  little  effect  was  seen  to  result  from  varia¬ 
tion  in  wing  incidence  (Figure  27). 

Taper  Ratio 

As  with  the  tilt  wing,  taper  ratio  effects  (Figure  28)  were 
functions  of  immersed  wing  area.  A  decreased  taper  rati'  was  similar 
to  an  increase  in  aspect  ratio,  yielding  lower  power  and  thrust  require¬ 
ments  in  the  near  cruise  realm  due  to  a  decrease  in  total  wing  drag. 

Also  related  to  the  decreased  of  lower  taper  ratio  was  the  slight 

reduction  in  download  on  the  wing  near  hover.  Whereas  the  effects  of 
taper  ratio  change  in  Figure  28  were  small,  they  did  point  towards  the 
choice  of  a  taper  ratio  somewhat  less  than  1.0. 

Engine  Location,  Number  of  Engines,  and  Thrust  Offset  Angle 

From  the  standpoints  of  wing  structure  and  slipstream  download 

on  the  wing,  it  was  felt  that  a  configuration  with  two  engines,  each 

located  at  the  wing  tip  was  the  only  reasonable  wing-mounted  tilt 

rotor  configuration.  Variation  in  the  parameters  X/R  and  N  was  thus 

P  P 

not  studied,  nor  was  thrust  offset  angle  as  the  rotor  v/as  not  fixed 
relative  to  the  wing  chord,  and  the  relative  angle  between  them  was 
the  tilt  angle  (0)  itself. 

COMPARISON  OF  TILT-WING  AND  TILT-ROTOR  CONFIGURATIONS 
The  baseline  aircraft  configurations  employed  the  majority  of  the 
favorable  transition  characteristics  recommended  by  the  foregoing  obser¬ 
vations,  and  were  thus  chosen  for  comparison  of  the  two  V/STOL  types. 
Figures  9  and  22  present  aerodynamic  characteristics  for  the  30,000-pound 
tilt  wing  and  tilt  rotor  aircraft  respectively  in  horizontal  equilibrium 
transition  and  provide  the  basis  of  the  following  discussion. 
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In  general,  use  of  some  type  of  high  lift  device  was  found 
necessary  to  meet  equilibrium  lift  requirements,  and  both  aircraft  were 
subjected  to  a  wing  stall  problem:  flow  separation  at  high  angle  of 
attack  for  the  tilt  wing,  and  an  undersirable  negative  lift  increase 
up  to  the  negative  stall  angle  for  the  tilt  rotor.  The  following  charac¬ 
teristics  were  found  distinctive  for  each  V/STOL  type  (comparisons  are 
relative  to  the  contrasting  design): 

TILT-WING  CHARACTERISTICS 

•  Smooth  rapid  decrease  in  dynamic  pressure  and  velocity  due  to  rapid 
wing  drag  buildup  as  a  result  of  tilting. 

•  Greater  propulsor  induced  velocities  and  resulting  slipstream 
deflection  due  to  higher  disc  loadings. 

•  Higher  power  and  thrust  requirements  through  the  majority  of  the 
transition  as  a  result  of  higher  disc  loading  and  large  wing  drag. 

•  Necessity  of  immersing  as  much  wing  area  as  possible  in  the  slip¬ 
stream  to  reduce  stall  tendencies  at  higher  tilt  angles.  At  low 
tilt  angles,  a  reduced  immersed  wing  area  is  desirable. 

•  No  body  rotation  necessary  due  to  drag  of  tilted  wing. 

•  Reduced  lift  and  drag  on  the  nacelles  due  to  smaller  angle  between 
thrust  axis  and  high  energy  slipstream. 

•  Hover  occurring  at  tilt  angles  less  than  90°  where  a  lift  and  thrust 
vector  resultant  equalizes  the  weight. 

TILT-ROTOR  CHARACTERISTICS 

•  Slow  reduction  in  dynamic  pressure  and  velocity  due  to  lack  of 
large  drag  force  increase  on  wing. 

•  Sudden  sharp  drop  in  flows  angles  and  forces  at  and  below  the  zero 
lift  angle  of  attack. 

•  Relative  to  the  tilt  wing,  lower  thrust  and  power  requirements 
preceding  hover  due  to  lower  disc  loading;  higher  thrust  required 
near  hover  due  to  download  on  the  wing. 

•  Lower  rotor  induced  velocities  and  slipstream  deflection  due  to 
low  disc  loadings. 

•  Necessity  of  fuselage  rotation  to  generate  retarding  wing  and 
fuselage  drag. 
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•  Requirement  for  a  means  of  reducing  the  magnitudes  of  negative 
lift  coefficients  below  the  zero  lift  angle  of  attack. 

•  Larger  nacelle  net  lift  and  drag  terms  (regardless  of  lower  slip¬ 
stream  velocities)  as  a  result  of  a  larger  nacelle  angle  of  attack 
caused  by  less  flow  deflection. 

CONCLUSIONS 

The  effects  of  various  parameters  on  the  equilibrium  transition 
characteristics  of  tilt  wing  (tilting  wing  and  rotor)  and  tilt  rotor 
(rotor  alone  tilts)  V/STOL  aircraft  have  been  investigated.  Based  on 
the  limited  number  of  cases  studied,  the  following  characteristics  tend 
to  be  favorable  to  transition  performance  of  tilt  propulsor  configurations 

TILT -WING  AIRCRAFT 

•  Airfoil  sections  employing  devices  to  yield  high  lift  coefficients 
and  to  postpone  flow  separation  and  stall. 

•  Moderate  disc  loading  with  an  upper  limit  dependent  on  installed 
power  requirements  and  downwash  velocities,  and  a  lower  limit  bound¬ 
ing  on  inability  to  prevent  stall. 

•  Low  to  moderate  wing  loading,  maintaining  sufficient  lift  at 
reduced  transition  velocities. 

•  Compromising  aspect  ratio  between  high  values  near  cruise  and  low 
values  near  hover  based  mainly  on  associated  slipstream  immersed  area. 

•  Flight  path  angle  mainly  dependent  on  mission,  but  climbing  to 
reduce  stall  tendency  or  descending  to  reduce  power. 

•  Thrust  line  offset  several  degrees  above  the  wing  chord  (v  negative) 

•  Two  propulsors  for  lower  thrust  and  power  at  a  given  disc  loading. 

•  Engines  located  inboard  from  the  wing  tips  (X/Rp  =  1.0),  immersing 
as  much  wing  area  as  possible. 

•  Taper  ratio  approaching  1.0  to  reduce  power  requirements  near  hover. 
TILT- ROTOR  AIRCRAFT 

•  Airfoil  sections  producing  high  lift  coefficients  at  low  wing 
incidence  in  addition  to  reduced  negative  lift  coefficients. 

•  Upward  fuselage  rotation  to  generate  increased  wing  and  body  drag 
forces . 
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•  Low  di.sc  loading  to  minimize  downwash  and  installed  power 
requirements . 

•  High  wing  loading  to  reduce  download  on  wing  surfaces. 

•  Higher  aspect  ratio  to  reduce  thrust  and  power  requirements; 
limited  by  structural  restrictions. 

•  Descending  flight  path  to  reduce  thrust  and  power  or  horizontal 
approach  to  eliminate  added  velocity  due  to  forward  weight  component. 

•  High  fixed  wing  incidence  to  provide  sufficient  lift  in  transition, 
but  limited  by  drag  generation  in  cruise. 

•  Taper  ratio  less  than  1.0  to  produce  small  power  reduction. 

•  Two  propulsors,  each  located  at  wing  tip  (X/Rp  =  0.0). 

Comparison  of  the  two  aircraft  indicated  that  the  majority  of 
variations  in  transition  characteristics  were  caused  by  differences  in 
flow  angles,  velocities  and  immersed  wing  areas.  In  general,  these  were 
direct  results  of  choice  of  disc  loading  and  the  ability  or  inability  of 
the  wing  to  tilt  with  the  rotors.  Results  were  heavily  dependent  on  in¬ 
put  aerodynamic  characteristics  of  the  airfoil  sections  employed,  and 
relative  magnitudes  of  the  parameter  variations  would  be  expected  to 
change  somewhat  with  alternate  airfoils. 

Use  of  the  parametric  curves  in  specific  design  studies  will 
provide  numerical  transition  data  as  well  as  an  indication  of  desirable 
and  undesirable  factors  of  a  proposed  configuration.  Relative  effects 
of  parameter  variation  may  be  determined  and  an  effective  trade-off 
analysis  made. 
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APPENDIX 

DERIVATIVES  USED  IN  NEWTON  SOLUTION  OF  EQUILIBRIUM  FORCE 
SUMMATIONS  (EQUATIONS  [ lj  AND  [2j) 
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Equations  [A-l]  through  [a-23]  are  used  in  a  modified  Newton-Raphson' s 
solution  of  the  simultaneous  nonlinear  equations: 
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for  dTp  and  dqg  in  the  solution  of  Equations  [ l]  and  [2]  in  the  text,  see 
Appendix  A  of  Reference  1. 
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TABLE  1 

Ideal  Hover  Quantities 
W=30,000  lb. 


DL 


5.0 

10.0 

15.0 

20.0 

25.0 

30.0 

35.0 

40,0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

90.0 

95.0 

100.0 


64.85 

91.71 

112.32 

129.70 

145.00 

158.84 

171.57 

183.42 

194.54 

205.07 

215.08 

224.64 
233.81 

242.64 
251.15 
259.39 
267.37 
275.13 
282.66 
290.01 


V 


32  .42 

45.85 
56.16 

64.85 
72.50 
79.42 
85.79 
91.71 
97.27 

102.53 

107.54 

112 .32 
116.91 

121.32 
125.58 
129.70 
133.69 
137.56 

141.33 
145.00 


THpH 


1768.57 

2501.14 
3063.26 

3537.14 
3954.65 
4332.10 
4679.20 
5002.28 
5305.72 
5592.71 
5865.69 
6126.51 
6376.68 
6617.39 
6849.65 

7074.29 
7292.00 
7503.41 
7709.03 

7909.29 


34 


i  =  e  +  if  (Tilt  Wing) 

V? 

i  »  i  (Tilt  Rotor) 
w  w 

or  =  i  +6 
q  w 

Wing  Chord  (Tilt  Wing)  °s  ^ 


W 


Figure  1  -  Velocity,  Force,  and  Pressure  Geometries 
(a)  Body,  Wing,  and  Rotor 
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Figure  1  -  (Concluded) 
(b)  Wing  Only 


(a)  NACA  633-418  Airfoil 


Figure  2  (Concluded) 
(b)  NACA  4415  Airfoil 
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Figure  3  -  Dynamic  Pressure  Distributions 
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Figure  9  -  Transition  Data  for 
(a)  Aerodynamic  For 
*  (see  p,  13  for  basel 
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Baseline  Tilt-Wing  Configuration 
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igure  11  -  Effects  of  Low  Disc  Loadings  on  Wing  Sta 
Immersed  Tilting  Wings  (X/R  =  0.0) 
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Figure  12  -  (Continued) 


(d)  Disc  Loading 


Loading  =  100  lb/ft 


Figure  13  -  Effects  of  Variation  in  Aspect  Ratio  on  Baseline  Tilt-Wing  Configuration 
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Figure  19  -  Effects  of  Variation  in  Taper  Ratio  on  Baseline  Tilt-Wing  Configuration 
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Figure  21  -  Effects  of  Fuselage  Rotation  on  Tilt-Rotor  Configuration 
(DL  =  15  lb/ft3,  W/S  -  70  lb/ft2,  =  8.0) 
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(b)  Disc  Loading  =  10  lb/£t3  ,  Wing  Loading  •=  60  -  80  lb/ft: 
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Loading  =  40  lb/ft‘ 
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Figure  27  -  Effects  of  Variation  in  Wing  Incidence  on  Baseline  Tilt-Rotor  Configuration 
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